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We study coherent excitation hopping in a spin chain realized using highly excited individually addressable
Rydberg atoms. The dynamics are fully described in terms of an XY spin Hamiltonian with a long range resonant
dipole-dipole coupling that scales as the inverse third power of the lattice spacing, C3/R3. The experimental
data demonstrate the importance of next neighbor interactions which are manifest as revivals in the excitation
dynamics. The results suggest that arrays of Rydberg atoms are ideally suited to large scale, high-fidelity
quantum simulation of spin dynamics.
Spin Hamiltonians, introduced in the early days of quan-
tum mechanics to explain ferromagnetism, are widely used
to study quantum magnetism [1]. Assemblies of interacting,
localized spins are a paradigm of quantum many-body sys-
tems, where the interplay between interactions and geometry-
induced frustration creates a wealth of intriguing quantum
phases. Many other phenomena, such as coherent energy
transfer, photochemistry or photosynthesis [2], can also be de-
scribed using spin Hamiltonians. However, despite this funda-
mental significance, exact analytical solutions are known only
for the simplest cases, and numerical simulations of strongly
correlated spin systems are notoriously difficult.
For those reasons, quantum simulation of spin Hamiltoni-
ans by controllable systems raises great interest. Recently,
various approaches were followed to simulate spin systems
using tools of atomic physics [3], such as cold atoms [4–6]
or polar molecules [7] in optical lattices, interacting via weak
exchange or dipole-dipole interactions, or trapped ions with
engineered effective interactions [8–10]. As compared to their
condensed-matter counterparts, the spin couplings can be long
range, which gives rise to new properties [11–14].
Rydberg atoms are a promising alternative platform for
quantum simulation [15, 16]. In particular, they allow imple-
menting various spin-1/2 Hamiltonians on two-dimensional
lattices with strong couplings, in the MHz range [17, 18].
Rydberg systems interacting through van der Waals inter-
actions can be described by Ising-type Hamiltonians H =∑
ij Vijσ
z
i σ
z
j where σ
z is the z-Pauli matrix acting in the
(pseudo-) spin Hilbert space, and Vij ∼ |ri − rj |−6, where
ri denotes the position of atom i [17–21]. On the other
hand, spin-exchange, or XY, spin Hamiltonians of the form
H =
∑
ij Vij(σ
+
i σ
−
j + σ
−
i σ
+
j ), where σ
± = σx ± iσy are
spin-flip operators and Vij ∼ |ri − rj |−3, can be realized
by using two different Rydberg states, interacting directly via
the resonant dipole-dipole interaction. However in this case,
only incoherent transfer of excitations has been observed so
far, due to the random atomic positions in the ensembles used
in experiments [22–27].
In this Letter, we study the coherent dynamics of a spin
excitation in a chain of three Rydberg atoms. The dipole-
dipole interaction between atoms is given by the XY Hamil-
tonian [28]
H =
1
2
∑
i 6=j
C3
R3ij
(
σ+i σ
−
j + σ
−
i σ
+
j
)
, (1)
where Rij = |ri − rj | is the distance between atoms i and j.
We calibrate the spin-spin coupling between two Rydberg
atoms by investigating the temporal evolution of two Ryd-
berg atoms prepared in the state |↑↓〉, as a function of dis-
tance R between the atoms, up to R ' 50 µm. We then use
three Rydberg atoms prepared in |↑↓↓〉 and study the propa-
gation of the excitation through this minimalistic spin chain,
observing the effect of long-range hopping of the excitation.
The agreement between experimental data and the XY model
without adjustable parameters validates our setup as a future
quantum simulator for systems of many spins in arbitrary two-
dimensional arrays .
The experimental setup, shown in Fig. 1(a), is detailed in
Ref. [30]. Briefly, we focus a red-detuned trapping beam with
an aspheric lens into a magneto-optical trap of 87Rb, to a waist
' 1 µm. Multiple traps at arbitrary distances are created by
imprinting an appropriate phase on the trapping beam with a
spatial light modulator [31]. Beccause of fast light-assisted
collisions in the small trapping volume, at most one atom is
present in each trap. The temperature of the trapped atoms is
approximately 50 µK. A 6 G magnetic field defines the quan-
tization axis [32].
We encode the two spin states in the Rydberg states |↑〉 =∣∣62D3/2,mj = 3/2〉 and |↓〉 = ∣∣63P1/2,mj = 1/2〉 [see
Fig. 1(b)]. We trigger an experiment when an atom is detected
in each trap. To prepare the atoms in a desired spin state, we
first optically pump them in |g〉 = ∣∣5S1/2, F = 2,mF = 2〉.
We then switch off the traps to avoid inhomogeneous light
shifts, and excite the atoms to |↑〉 = ∣∣62D3/2,mJ = 3/2〉
via a two-photon transition (wavelengths 795 and 474 nm,
with polarizations pi and σ+, respectively), detuned from the
intermediate state
∣∣5P1/2, F = 2,mF = 2〉 by ∆ ' 2pi ×
740 MHz. From the |↑〉 state the atom can be transferred
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FIG. 1. (color online). (a) Individual 87Rb atoms in micro-
traps aligned along the quantization axis, defined by a B =
6 G magnetic field. (b) Excitation lasers couple the ground state
|g〉 = ∣∣5S1/2, F = 2,mF = 2〉 and the Rydberg state |↑〉 =∣∣62D3/2,mj = 3/2〉 with an effective Rabi frequency Ωopt. Mi-
crowaves couple |↑〉 to |↓〉 = ∣∣63P1/2,mJ = 1/2〉, with Rabi fre-
quency ΩMW. (c) Microwave-driven Rabi oscillation of a single
atom between |↑〉 and |↓〉, yielding ΩMW = 2pi × 4.6 MHz.
to |↓〉 = ∣∣63P1/2,mJ = 1/2〉 using resonant microwaves at
' 9.131 GHz, emitted by an antenna outside the vacuum
chamber.
To read out the state of an atom at the end of a sequence,
we switch on the excitation lasers, coupling only |↑〉 back to
the ground state. We then turn on the dipole traps to recapture
ground-state atoms, while atoms in Rydberg states remain un-
trapped, and detect atoms in |g〉 by fluorescence. Therefore
if we detect an atom in its trap at the end of a sequence, we
assume it was in |↑〉, while a loss corresponds to the |↓〉 state.
We reconstruct all the 2N probabilities Pi1...ik...iN of having
ik atom in trap k, with ik = 0 or 1, for our N -trap system
(with N = 1, 2, or 3) by repeating the experiment typically
100 times. For instance for N = 3, P100 is the probability to
recapture an atom in trap 1, while recapturing none in traps 2
and 3. The statistical error on the determination of the proba-
bilities is below 5%. Figure 1(c) illustrates the coherent spin
manipulation for a single atom, by showing Rabi oscillations
between |↑〉 and |↓〉: the probability P1 to recapture the atom
oscillates with a frequency ΩMW ' 2pi × 4.6 MHz. In 4 µs,
we induce more than 35 spin flips without observing notice-
able damping.
We first use two atoms, aligned along the quantization axis,
to directly measure the coupling between two spins as a func-
tion of their distance. The sequence is shown in Fig. 2(a).
We illuminate atom 1 with an addressing beam [33] which
induces a 20 MHz light shift, making it off resonant to the
global Rydberg excitation. Atom 2 is excited to |↑〉, and then
transferred to |↓〉 using microwaves. Subsequently, atom 1
is optically excited to the |↑〉 state with the addressing beam
switched off (atom 2 in |↓〉 is not affected by the Rydberg exci-
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FIG. 2. (color online). (a) Sequence to observe spin exchange be-
tween two atoms. (b) Excitation hopping between states |↑↓〉 (blue
disks) and |↓↑〉 (red disks) of two atoms separated by R = 30 µm.
Solid lines are sinusoidal fits, with frequency 2E/h. (c) Interac-
tion energy E (circles) versus R. Error bars are smaller than the
symbols size. The line shows the theoretical prediction C3/R3 with
Cth3 = 7965 MHz µm
3. The shaded area corresponds to our sys-
tematic 5% uncertainty in the calibration of R.
tation pulse). We let the system evolve for an adjustable time
τ and read out the final state by deexciting |↑〉 back to |g〉. In
the absence of experimental imperfections (see [28], section
S.4), P10 (respectively P01) would give the population of |↑↓〉
(respectively |↓↑〉).
The evolution of P10(τ) and P01(τ) for two atoms prepared
in |↑↓〉 separated by 30 µm is shown in Fig. 2(b). The spin
excitation oscillates back and forth between the two atoms,
with a frequency 2E/h ≈ 0.52 MHz. The finite contrast
is essentially due to spontaneous emission via the intermedi-
ate
∣∣5P1/2〉 state during preparation and readout, which lim-
its the oscillation amplitude to about 60%, and, to a lesser
extent, to the onset of dipolar interactions during the second
excitation pulse [28]. We then repeat the same experiment
for several values of the distance R between the atoms, and
observe spin-exchange oscillations for distances as large as
50 µm. Figure 2(c) shows the measured interaction energies
as a function ofR, together with the expectedC3/R3 behavior
(solid line) for the theoretical value Cth3 = 7965 MHz µm
3
of the C3 coefficient, calculated from the dipole matrix ele-
ments 〈↑| dˆ±1 |↓〉 [30, 34]. A power-law fit to the data (not
shown) gives an exponent −2.93± 0.20. Fixing the exponent
to −3 gives Cexp3 = 7950 ± 130 MHz µm3. The agreement
3FIG. 3. (color online). Spin excitation transfer along a chain of three Rydberg atoms with nearest-neighbor separation of 20 µm. (a) Theoretical
dynamics for a system initially prepared in |↑↓↓〉, and evolving under a Hamiltonian similar to (1), but with only nearest-neighbor interactions.
(b) The same as (a), but for the the full Hamiltonian (1), including long-range interactions. (c) Experimental data (points) and prediction of
the model taking into account experimental imperfections (see text), with no adjustable parameters. For perfect preparation and readout, the
probabilities P↑↓↓ (respectively P↓↑↓, P↓↓↑) and P100 (respectively P010, P001) would coincide.
between data and theory is excellent.
We now extend the system to a three-spin chain, with a dis-
tanceR = 20 µm between the atoms. The sequence is similar
to that in Fig. 2(a) for two atoms, except that we now use mi-
crowave transfer for atoms 2 and 3 to prepare |g ↓↓〉. Here, the
van der Waals interaction between the two atoms in |↑〉 is only
∼ 10 kHz for R = 20 µm, and thus no blockade effect arises
during excitation. We then excite atom 1 to prepare |↑↓↓〉.
We first analyze theoretically the evolution of the system.
Assuming that the initial state is |ψ(0)〉 = |↑↓↓〉, the dy-
namics induced by the XY Hamiltonian (1), which conserves
the total magnetization
∑
i σ
z
i , occurs within the subspace
spanned by {|↑↓↓〉 , |↓↑↓〉 , |↓↓↑〉}. Figures 3(a) and (b) show
the calculated dynamics of the spin excitation, which moves
back and forth between the extreme sites. Figure 3(a) corre-
sponds to the case where only nearest-neighbor interactions
are retained in (1). Periodic, fully contrasted oscillations at
a frequency
√
2C3/R
3 are expected for the population of the
extreme sites, while the population of |↓↑↓〉 oscillates twice
as fast between 0 and 1/2. In contrast, in Fig.3(b), the full
Hamiltonian (1) is simulated, including the interaction be-
tween extreme sites. One observes a clear signature of this
long-range coupling, as the dynamics now becomes aperiodic
for the populations of |↑↓↓〉 and |↓↓↑〉. The interplay of the
couplings C3/R3 and C3/(8R3) between nearest- and next-
nearest neighbors makes the eigenvalues of (1) incommensu-
rate. The back-and-forth exchange of excitation is thus modu-
lated by a slowly varying envelope due to the beating of these
frequencies.
Figure 3(c) shows the experimental results for P100, P010,
and P001 (symbols). We observe qualitative agreement with
Fig. 3(b), in particular the “collapse and revival” in the dy-
namics showing the effects of the long-range coupling. How-
ever, one notices differences with the ideal case: (i) the prepa-
ration is imperfect, as one starts with a significant population
in |↓↑↓〉, (ii) this, together with imperfect readout [28], re-
duces the overall amplitude of the oscillations, and (iii) the
oscillations show some damping, which becomes significant
for τ ≥ 4 µs.
Imperfect preparation and readout stem from the fact that,
in addition to the spontaneous emission via the intermediate
state during the optical pulses, the Rabi frequency for optical
excitation (' 5.3 MHz) of atom 1 from |g〉 to |↑〉 is not much
higher than the interaction (' 0.92 MHz for R = 20 µm).
Thus, during the excitation of atom 1, the spin excitation al-
ready has a significant probability to hop to atom 2. The
damping essentially arises from the finite temperature of the
atoms, which leads to changes in the interatomic distances,
and thus in the couplings.
To go beyond this qualitative understanding of the limita-
tions of our “quantum simulator,” we add all known experi-
mental imperfections to the XY model [28]. The result, shown
by solid lines on Fig. 3(c) accurately reproduces the data with
no free parameters. To obtain these curves, we simulate the
full sequence, i.e., all three optical (de-)excitation pulses with
or without the addressing beam, the microwave pulse, and
evolution time, by solving the optical Bloch equations de-
scribing the dynamics of the internal states of the atoms, re-
stricted to three states: |g〉, |↑〉, and |↓〉. Dissipation comes
from both off resonant excitation of the intermediate
∣∣5P1/2〉
state during the optical excitation pulse, and from the finite
lifetimes of the Rydberg states (101 and 135 µs for |↑〉 and |↓〉,
respectively [35]). The former effect is treated as an effective
damping of the |g〉 ↔ |↑〉 transition, present only during the
4optical pulses, and with a damping rate chosen to match the
damping of single-atom Rabi oscillations performed to cali-
brate the excitation Rabi frequency Ωopt [17].
We then account for the thermal motion of the atoms. A
first consequence of the finite temperature (T ' 50 µK) is
that at the beginning of the sequence, the atoms have random
positions (the transverse rms extension of the thermal mo-
tion in each microtrap, of radial frequency 90 kHz, is about
120 nm) and random velocities (70 nm/µs rms). During the
sequence, the traps are switched off and the atoms are thus
in free flight with their initial velocity. When solving the
optical Bloch equations, we thus first draw the initial posi-
tions r0i and velocities v
0
i of each atom i according to a ther-
mal distribution, and use time-dependent dipolar couplings
C3/|(r0i + v0i t)− (r0j + v0j t)|3 in Eq. (1) [36]. We then aver-
age the results over 100 realizations. This yields a dephasing
of the oscillations, resulting in a significant contrast reduction
at long times.
A second effect of the temperature is that an atom has a
small probability ε(t) to leave the trap region during the exper-
iment. In this case, we mistakenly infer that it was in a Ryd-
berg state at the end of the sequence. This leads to a small dis-
tortion of the measured populations Pijk (i, j, k = 0, 1) [37],
that we compute from the actual ones as described in [17].
We measure ε(t) (which increases with the duration t of the
sequence, from ∼ 1% at t = 0 up to ∼ 20% for t = 7 µs)
in a calibration experiment, and then use it to calculate the
expected populations from the simulated ones [28].
Figure 4 shows how those two consequences of the finite
temperature contribute to the observed damping in the dynam-
ics of P001: both have sizable effects, but the dephasing due to
fluctuations in the coupling dominates at long times. Reduc-
ing the atomic temperature using e.g. Raman cooling [38, 39]
would render those effects negligible for our time scales, and
allow the realization of a nearly ideal quantum simulator of
spin dynamics.
In summary, we have measured the dynamics of a spin
excitation in a minimal spin chain of three Rydberg atoms.
The evolution of the system is accurately described by an XY
Hamiltonian without any adjustable parameters. The obtained
results are encouraging in view of scaling up the system to
a larger number of spins. In particular, the residual motion of
the atoms and the level of detection errors would already allow
us to observe unambiguously the back-and-forth propagation
of an excitation over a chain of ∼ 20 atoms [28]. However,
so far, experiments with more than ∼ 5 atoms are hampered
by the stochastic loading of the traps by single atoms [31]. In
future work, we will thus explore various quasideterministic
loading schemes that have been demonstrated at the level of a
single [40, 41] or a few [42, 43] traps. Once this is achieved,
our system will allow us to study the equivalent of an as-
sembly of hard-core bosons on a 2D lattice with long-range,
anisotropic hopping. We will also study dipolar interactions
involving more than only two Rydberg states at an electri-
cally tuned Fo¨rster resonance [44]. Our system will be ideal
to study exotic phases and frustration in quantum magnetism,
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FIG. 4. (color online). Influence of the temperature on P001(τ): sim-
ulated dynamics at zero temperature (black dashed line), and adding
either only atom loss (green dotted line), or only atomic motion (blue
solid line).
excitation hopping in complex networks [45, 46] or quantum
walks with long-range hopping [47].
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6Supplemental Material: Coherent Excitation Transfer in a Spin Chain of Three Rydberg Atoms
THE DIPOLE-DIPOLE INTERACTION AS AN XY HAMILTONIAN
Here we derive, for the sake of completeness, how the dipole-dipole interaction between two Rydberg atoms leads to the XY
Hamiltonian (1) of the main text. We also emphasize the angular dependence of the C3 coefficient, which is proportional to
1− 3 cos2 θ.
The interaction between two neutral atoms separated by a distance R (large compared to the atom size, but small compared
to the wavelength of the relevant transitions, such that the electrostatic limit applies) can be expressed, to leading order, through
the dipole-dipole interaction:
Vddi =
1
4pi0
d1 · d2 − 3(d1 · n)(d2 · n)
R3
, (S1)
where di = (dx, dy, dz) is the electric dipole moment operator of atom i (i = 1, 2), and n = R/R is the unit vector connecting
the two atoms. We denote the quantization axis by z, and the angle between z and n by θ. In the spherical basis, it is convenient
to use the spherical dipole operators: 
d0 = dz
d+ = − (dx + i dy) /
√
2
d− = (dx − i dy) /
√
2 .
(S2)
The operator d0 conserves the magnetic quantum number mj , whereas the operators d± change mj by one (∆mj = ±1). In the
spherical basis, the dipole-dipole interaction can be written as:
Vddi =
1
4pi0
1
R3
[
1− 3 cos2 θ
2
(d1,+d2,− + d1,−d2,+ + 2d1,0d2,0)
+
3√
2
sin θ cos θ (d1,+d2,0 − d1,−d2,0 + d1,0d2,+ − d1,0d2,−) (S3)
− 3
2
sin2 θ (d1,+d2,+ + d1,−d2,−)
]
.
The sum comprises three terms, with different angular dependence, that couple states where the total magnetic quantum number
M = m
(1)
j +m
(2)
j changes, respectively, by ∆M = 0, ∆M = ±1, and ∆M = ±2.
We now restrict ourselves to only two states |↑〉 and |↓〉 of the form |n,L, J,mj〉 and
∣∣n′, L′, J ′,m′j〉 that fulfill the selec-
tion rules for the dipole operator dq (q = 0,±1), i.e. ∆L = ±1, ∆J = 0,±1, and ∆mj = q (in the main text, they are∣∣62D3/2,mj = 3/2〉 and ∣∣63P1/2,mj = 1/2〉). In the two-atom basis {|↑↑〉 , |↑↓〉 , |↓↑〉 , |↓↓〉}, Vddi couples only |↑↓〉 to |↓↑〉,
on the one hand, and |↑↑〉 together with |↓↓〉 on the other hand. In the latter case, the two pair states are separated in energy by
several tens of GHz, and thus the effect of the dipolar coupling is negligible. In contrast, in the first case, the two pair states are
always degenerate, and thus the dipolar coupling is resonant. Moreover, for those pair states, we always have ∆M = 0 (since
the two atoms just exchange their states), so only the first term in (S3) survives. Therefore, when restricted to the two pair states
|↑↓〉 , |↓↑〉, the interaction Hamiltonian takes the simple form:
Vddi =
1
4pi0
1− 3 cos2 θ
2R3
(d1,+d2,− + d1,−d2,+ + 2d1,0d2,0) (S4)
or, in a matrix form in the basis
{ |↑↓〉 , |↓↑〉}:
Vddi =
1
4pi0
1− 3 cos2 θ
R3
(
0 C˜3
C˜3 0
)
. (S5)
There, C˜3 ≡ 〈↑↓| d1,+d2,− + d1,−d2,+ + 2d1,0d2,0 |↓↑〉 /2. Note that in this matrix element, only one of the three terms of the
sum contributes, depending on the mj values of the |↑〉 and |↓〉 states [S1].
Now, in the context of spin Hamiltonians, it is desirable to rewrite the pseudo-spin operators in terms of the Pauli matrices. A
first step towards this is then to denote the single-atom operators |↑〉 〈↓| as σ↑↓, and we end up with
Vddi =
C3(θ)
R3
(
σ
(1)
↑↓ σ
(2)
↓↑ + h. c.
)
(S6)
7where C3(θ) = C˜3(1−3 cos2 θ), and h. c. stands for hermitian conjugate. In Eq. (1) of the main text, to conform to the standard
notations of the ladder operators σ± = σx ± iσy defined from the Pauli matrices in the context of spin systems, we have written
σ+ (resp. σ−) for σ↓↑ (resp. σ↑↓). We emphasize here that the ± subscripts in this latter notation refer to the pseudo-spin
space, and have nothing to do with the ± subscripts entering the definition of the spherical dipole (S2), which are related to the
orientation of the dipoles with respect to the quantization axis in real space [S2].
SIMULATION OF THE SPIN EXCITATION DYNAMICS IN A CHAIN
To investigate the origin of the reduced contrast and damping of the oscillations in our experiment, we solve the optical Bloch
equations (OBEs) for the system of three atoms in the basis spanned by the states {|g〉 , |↑〉 , |↓〉}. By including the ground state
|g〉 we can account for imperfections in the preparation of the initial configuration due to both spontaneous emission through
the intermediate state, and the presence of the always resonant dipole-dipole interaction between the states |↑↓〉 and |↓↑〉. We
simulate the full experimental sequence, including the optical and microwave pulses to the Rydberg states, the time evolution
under the XY Hamiltonian [(1) of the main text], and the final state readout. The total Hamiltonian of the system
Htot = HA-L +Hint , (S7)
is composed of two terms describing, respectively, the coupling of the atoms to the light and microwave fields, and the dipole-
dipole interaction. The first term, HA-L, reads:
HA-L = ~
∑
i
Ω
(i)
L
2
(
σ
(i)
↑g + σ
(i)
g↑
)
+
ΩMW
2
(
σ
(i)
↓↑ + σ
(i)
↑↓
)
− δ(i)L
(
σ
(i)
↑↑ + σ
(i)
↓↓
)
, (S8)
where σ(i)nn′ =
∣∣n(i)〉 〈n′(i)∣∣ (n, n′ ∈ {g, ↑, ↓}) are the transition and projector operators for atom at site i, and the parameters
Ω
(i)
L , and δ
(i)
L are the optical Rabi frequencies, and laser detunings for the transition |g〉 ↔ |↑〉 respectively. These parameters are
position-dependent to account for the slightly different Rabi frequencies and differential light shifts experienced by the atoms
due to the gaussian profile of the excitation laser beams. For the microwave Rabi frequency ΩMW for the transition |d〉 ↔ |p〉,
we neglect any inhomogeneity of the microwave field at the local position of the atoms. Finally, the interaction term is given by
the Hamiltonian:
Hint =
1
2
∑
i 6=j
C3
Rij(t)3
(σ
(i)
↓↑ σ
(j)
↑↓ + σ
(i)
↑↓ σ
(j)
↓↑ ) . (S9)
To account for the thermal motion of the atoms during the experiment we introduce a time dependency in the interatomic distance
Rij(t) = |(r0i + v0i t)− (r0j + v0j t)|.
The Lindblad operator includes a sum over the decay channels for each atom,
L[ρ] =
1
2
∑
i
(γi + γ↑)
(
2σ
(i)
g↑ ρσ
(i)
↑g − σ(i)↑↑ ρ− ρσ(i)↑↑
)
+ γ↓
(
2σ
(i)
g↓ ρσ
(i)
↓g − σ(i)↓↓ ρ− ρσ(i)↓↓
)
. (S10)
where γi are the effective damping rates, and 1/γ↑ and 1/γ↓ are the lifetimes for the |↑〉 and |↓〉 Rydberg states. The dampings
γi (with 1/γi ∼ 1µs) are mainly due to off-resonant spontaneous emission through the intermediate state
∣∣5P1/2〉 and are
only present during the optical pulses. For the lifetimes of the Rydberg states we use the effective values (1/γ↑ ∼ 101µs ;
1/γ↓ ∼ 135µs) calculated by Beterov et al. [Ref. 32 of the main text], as a single decay channel to the ground state |g〉. All
the parameters, i.e., the single-atom Rabi frequencies Ωi, laser detunings δi, and dampings γi are measured independently by
recording single-atom Rabi oscillations on each site of the array.
The final result of the simulation is obtained by averaging the solution of the OBEs over 100 realizations, starting from random
atom positions r0i , r
0
j , with rms value σr =
√
kBT/mω2⊥ ' 120 nm (where kB is the Boltzmann constant and ω⊥ ∼ 90 kHz is
the measured radial frequency of the atoms of mass m in the trap), and velocities v0i , v
0
j (rms σv =
√
kBT/m ' 70 nm/µs).
READOUT DETECTION ERRORS
In our experiment, the outcome of every realization is a binary state: either the atom is recaptured or it has escaped the
trapping region at the end of the sequence. If the atom is recaptured we assume it is in the ground state. On the contrary, a loss in
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Figure S1. (a) Recapture probabilities P111 (solid circles), P110+P101+P011 (square symbols), P100+P010+P001 (diamonds), and P111 (open
circles) for three atoms in a line as a function of the release trapping time t. The dashed line is the polynomial fit to the data from which we
extract ε. Solid lines are the prediction of our loss model with the measured ε, which is shown in logarithmic scale in (b). The nonzero value
of ε(t) for t→ 0 is due to losses induced by background-gas collisions during the ∼ 200 ms duration of a full experimental sequence.
interpreted as the atom being in a Rydberg state (|↑〉 or |↓〉), since Rydberg atoms are not trapped in our tweezers. However, due
to the finite temperature (' 50 µK) of the atoms and collisions with the background gas, any atom has a probability ε = ε(t) to
be lost during a sequence of total length t, independently of its internal state [Ref 20 of the main text]. Therefore, there exists
a probability to falsely detect the state of the atom, which increases with the length of the sequence. For a single atom, the
recapture probability P1 is therefore P1 = (1 − ε)Pg , where Pg is the actual probability for the atom to be in the ground state.
In the case of a loss, P0 is related to the actual Rydberg state populations P↑ and P↓ by P0 = (1 − ε)(P↑ + P↓) + ε. As an
example, in the case of three atoms the relation between the observed recapture probability P100 and the actual state populations
Pj1j2j3 (jk ∈ {g, ↑, ↓}) reads:
P100 = (1− ε)[Pg↑↑ + Pg↑↓ + Pg↓↑ + Pg↓↓ + ε(Pg↑g + Pg↓g + Pgg↑ + Pgg↓) + ε2Pggg] (S11)
To measure ε, we perform an experiment where we trap three ground state atoms in the line, switch the trap off for a variable
duration t, and measure the populations at the end of the sequence.
We extract ε from a polynomial fit of the measured P111, where P111 = (1 − ε)3. We then evaluate the evolution of the rest
of the recapture probabilities:
P011 + P101 + P110 = 3 ε(1− ε)2 ,
P100 + P010 + P001 = 3 ε
2(1− ε) ,
P000 = ε
3 .
(S12)
The comparison of the calculated recapture probabilities (solid lines in Fig. S1) with the experimental test supports the consis-
tency of our loss model.
ORIGIN OF THE FINITE CONTRAST OF THE OSCILLATIONS
In Fig. 2(b) of the main text, the measured contrast of the oscillations in the populations P01 and P10 is around 60%.
This reduced contrast arises from two effects. The first one is imperfections in the preparation of the state |↑↓〉 mainly
due to (i) inefficient optical pumping of the atoms in the state |g〉 and (ii) spontaneous emission from the intermediate state∣∣5P1/2, F = 2,mF = 2〉 to the states ∣∣5S1/2, F = 1,mF = 1〉, ∣∣5S1/2, F = 2,mF = 1〉, and ∣∣5S1/2, F = 2,mF = 2〉. The
second effect is that during the second and third optical pulses, of typical duration 100 ns, one cannot neglect totally the effect
of the dipolar interactions between states |↑↓〉 and |↓↑〉: the interaction-induced energy splitting between the two states is then
0.6 MHz, yielding a phase accumulation of ∼ 0.2 rad, which is not totally negligible. The same effect also occurs for three
atoms, as described in the main text. The full simulation (following the approach described in sections S.2 and S.3 above) of the
two-atom system reproduces well the observed data.
9FULL DATASET FOR THE THREE-ATOM SPIN CHAIN DYNAMICS
The evolution of the system of three spins aligned along a chain coupled by long range dipole-dipole interactions is displayed
in Fig. S2. Here we show, additionally, the probabilities not shown for clarity in Fig. 3 of the main text.
Solid lines are the result of the simulation through the OBEs as described in section S.1., where we also include the loss-
error correction (section S.2.). The atom loss effect is clearly visible in the probability P000 at long interaction times. This effect
further reduces the contrast of the oscillations for the populations P100, P010, and P001. The overall agreement of the simulations
is very good, supporting the possibility to extend the experiments to larger two dimensional systems.
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Figure S2. Spin excitation dynamics along a chain of three Rydberg atoms from a system initially prepared in |↑↓↓〉. The complete set of
experimental probabilities (symbols) and the result of the model (solid lines), including temperature effects and atom losses are shown.
EFFECT OF THE ATOM TEMPERATURE IN THE DYNAMICS
In an attempt to investigate the limitations of the finite temperature of the atoms in the observed spin dynamics, especially in
view of experiments with larger number of atoms, we simulate the evolution of the system at T = 10µK. The temperature of the
atoms enters the simulation in (i) the rms extension of the random atomic positions and velocities in the time-dependent dipolar
couplings, and (ii) the atom recapture probability ε(t, T ). To include (i) we perform Monte-Carlo simulations of the trajectories
of the single atoms, taking into account the expected energy distribution of an atom in the trap [S3].
The result is shown in Fig. S3, where we compare the simulation for T = 10µK (solid lines) with the curves obtained at
T = 50µK (dashed lines). In this case the damping of the oscillations are drastically reduced for times longer than ∼ 4µs. This
suggests that a reduction of the temperature of the atoms by only one order of magnitude would be enough to make motional
effects negligible for the timescales used in the experiment, so as to enable the nearly ideal quantum simulation of larger spin
systems.
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Figure S3. Simulated recapture probabilitiesP100, P010, andP001 for a single atom temperature of T = 10µK (solid lines), and for T = 50µK
(dashed lines).
EXTENSION OF THE SYSTEM TO LONGER SPIN CHAINS
Considering the temperature of the atoms as the main source of dephasing in the excitation dynamics, we now explore its
effect for a larger spin chain. We simulate the evolution of a system of N = 20 atoms in a line, separated by 20µm under
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the Hamiltonian (1) (main text). In Fig. S4 we show the results for two different atom temperatures, T = 0µK (a), and for
T = 50µK (b). The simulation assumes perfect preparation of the initial state |1 ↑〉 = |↑↓ ... ↓〉 (imperfect preparation would
reduce the overall amplitude of the oscillations, but would not induce any extra loss of coherence) and accounts for temperature
effects through both (i) time-dependent distancesR(t) appearing in the dipolar couplings and (ii) the finite recapture probability ε
(as discussed in the previous sections). To account for (ii) we scale the obtained excitation probability by the factor [1−ε(t)]N−1.
Dephasing in the dynamics is appreciable for interaction times longer than ∼ 4µs, but still allows for an unambiguous
observation of the spin dynamics. This means that even with the finite temperature of the atoms in our tweezers, motional effects
should not prevent the observation of coherent spin exchange in larger systems. Therefore, as stated in the conclusion of the
main text, it is the stochastic character of the atom loading into the traps which is currently the main limitation for scalability,
and we plan to explore several quasi-deterministic loading schemes that have already been demonstrated in other groups (refs.
[37-40] of main text).
Figure S4. Simulated probabilities Pi↑ of finding atom i in the state |↑〉 after an interaction time τ for single atoms with a temperature
T = 0µK (a), and T = 50µK (b). The system is initially prepared in the state P1↑.
[S1] For instance, for the states used in the main text, |↑〉 = ∣∣62D3/2,mj = 3/2〉 and |↓〉 = ∣∣62P1/2,mj = 1/2〉, only the term d1,+d2,−
has a nonzero contribution. If one used for instance the states |↑〉 = ∣∣nD3/2,mj = 3/2〉 and |↓〉 = ∣∣n′P3/2,mj = 3/2〉, then only the
term 2d1,0d2,0 would contribute.
[S2] One should not be confused by the notations, and believe that for instance the σ+σ− term arises from the d+d− term of the dipole
dipole interaction: the σ+σ− term comes only from the fact that the resonant dipole-dipole interaction exchanges the two spin states,
and this can arise even from a d0d0 term.
[S3] C. Tuchendler, A. M. Lance, A. Browaeys, Y. R. P. Sortais, and P. Grangier, Phys. Rev. A 78, 033425 (2008).
